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p l ing  of s o l a r  r a d i a t i o n  t o  a cesium plasma w a s  completed. The model now accounts  
f o r  absorp t ion  by cesium dimers on fou r  ground-to-excited-state t r a n s i t i o n s ,  f o r  
thermal convection and thermal conduction i n  t h e  plasma, and f o r  convergence of thl 
input  r a d i a t i o n  i n  t h e  plasma. For the  parameters of t he  present  experiments, t he  
model p r e d i c t s  plasma maintenance a t  a plasma temperature of 2800°K and p r e d i c t s  
t h e  c h a r a c t e r i s t i c  emission and absorption spec t r a  of t he  plasma. Absorption spec- 
t ra  of cesium vapor a t  6OOOC were experimentally measured, but  window fogging and 
breakage problems made it  necessary t o  redesign t h e  cesium absorp t ion  c e l l  as a 
heat  p ipe  oven. The latest hea t  pipe oven ce l l  f ab r i ca t ed  should be capable  of pro. 
viding a 600 t o  700°C zone of cesium vapor centered between windows t h a t  can be 
kept cold and that are i s o l a t e d  from t h e  cesium vapor by helium buf fe r  gas. 
specu la t ion  that laser a c t i o n  on t h e  Cs2 and C s X e  dimer and excimer laser t r a n s i -  
t i o n s  could be made t o  occur by flowing a solar-sustained cesium plasma through a 
t r ansve r se  magnetic f i e l d  has been confirmed t h e o r e t i c a l l y  with a q u a n t i t a t i v e  
model. An MHD flow model p r e d i c t s  ga in  c o e f f i c i e n t s  g r e a t e r  than 1% per  c m  on both 
t h e  excimer and dimer bands f o r  aMach 4 flow of a 10-atm solar-sustained C s X e  
plasma a c r o s s  an 'b20-kG magnetic f i e l d .  
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SECTION 1 

INTRODUCTION 

This report covers the first year’s progress on a program devoted to 
the study of radiatively sustained cesium plasmas for solar-electric and 

solar-laser power conversion. The identification of a solar-sustained 
cesium plasma as an optimal high-temperature working fluid for solar 
electric conversion together with a preliminary theoretical model of the 
coupling of solar radiation to a cesium plasma was originally disclosed 
at the Third Conference on Radiation Energy Conversion at NASA Ames 

Research Center in 1978 and published in Progress in Astronautics and 
Aeronautics.’ This paper is included as Appendix A. 

The two primary objectives of 

experimentally the maintenance of 
to (2) make a firm prediction of 
laser action on the Cs dimer and 2 

this program are to (1) 
a cesium plasma by solar 
the conditions necessary 
CsXe excimer laser bands 

demonstrate 
radiation and 
to achieve 
in such a 

plasma. A general updating of the theoretical model describing the 
coupling of solar radiation to a cesium plasma will also be done during 
this program. Progress on all three fronts was made during this con- 
tract period and is described below. 

e 
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SECTION 2 

PLASMA MAINTENANCE - THEORETICAL 

a 

The original theoretical model,' which predicted that a 3000'K cesium 

plasma could be ignited and maintained by concentrated sunlight, is 
presented in Appendix A. Similar modeling has been carried out for a 
solar-sustained potassium plasma. 2 

A major upgrading of the original theoretical model or a soiar- 
sustained cesium plasma was found necessary primarily because of the 
need to account more accurately for dimer absorption in the 4000 to 
8000 spectral range. Rather than computing the dimer absorption by 
simply inputting the measured values of the dimer absorption cross 
section at an arbitrary temperature (as done, for example, in Ref. 3 ) ,  

we chose to compute the temperature-dependent absorption cross sections 

according to a four-Morse-potential state model of the cesium dimer 
molecule. 

dependence of the cross section, it also assures that re-radiation is 
accounted for properly on the dimer transitions. The 8,000 to 10,000 
X-A absorption band can be modeled fairly exactly in this way since it 
is  due to transition to a single state. 
length bands are actually caused by several overlapping transitions, 

the absorption can be modeled to an accuracy sufficient for our pur- 
poses by constructing three hypothetical Morse potential states with 
the parameters given in Table 1. 
(shown in Figures 1 and 2) agree well with Weschler's measured values. 
Line absorption is not included in the theoretical model since it con- 
tributes negligibly the to the net energy flow in the Plasma. 

The corresponding new radiative energy balance results for a solar- 

sustained cesium plasma are shown in Figure 3. As shown, higher plasma 
temperatures result at lower oven temperatures in the purely radiative 
energy balance case because the lower fractional concentration of dimers 
causes the spectral range over which most of the absorption occurs to 

Not only does this allow accounting for the temperature 

And although the shorter wave- 

Our computed absorption cross sections 
4 

1 
move to the shorter wavelengths associated with the bound-free transitions. 

P & G € k  .IN'iEF4110NALi'r !:LAN@ 9 
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Figure 1. Computed and measured absorption cross sections of cesium vapor: 
0.40 to 0.75 pm (measured values are from Ref.. 4 ) "  
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Figure 3. Theoretical solar flux required €or sustaining a 
cesium plasma against radiation losses only. 
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Table 1. Morse Potential Parameters for the Four-State 
Model of Cs Absorption Spectra 2 

* 

State 

5239 5.7 

42 

34 
34.2 

15 
30 

Atomic State 

6s 
6P 1J2 
6P 112 

6P 3/2 
7P 

6731 

The addition of the visible dimer transitions has also enabled us 

to compute more accurately the emission spectra of the plasma under 

solar-sustained conditions. This is one of the most useful signatures 

to use for verifying plasma ignition in the experiments. 
result is shown in Figure 4 .  Although line emission will of course 

also be present, it again is excluded from the model because it does 

not contribute importantly to the net energy flow in the plasma. 
bination radiation is seen to dominate dimer radiation in the visible 
portion of the spectrum for the conditions assumed. 

A typical 

Recom- 

Lower oven temperatures result in reduced radiative energy deposi- 
tion in the plasma, which will eventually make losses other than radia- 

tion dominate the energy loss fromthe plasma. Therefore, we have 
added both thermal conductioli and free convection losses to the model. 

For the densities, convection velocities, and dimensional scales of 
the present experiments, the estimated Reynolds number for the plasma 

is quite small (%loo) permitting the use of a kinematic value for the 

thermal conductivity coefficient for cesium vapor (%15.1 x. W/cm°K). 
Since the free convection flow was not viscosity limited for the dimen- 

sional scale of the present experiments, it was computed from buoyancy 

forces alone.6 

the plasma temperature on vapor pressure in our experiments for oven 
temperatures below about 800"K, as shown in Figure 5. 

a .  

5 

These nonradiative losses control the dependence of 

13 
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Figure 4. Theoretical solar-sustained plasma re-radiation spectrum 
(minus line emission). 
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Theoretical plasma temperature as a function of oven tempera- 
ture showing radiation- and conduction-loss-dominated regimes. 
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Finally, the model now also accounts for the convergence of the 

incident radiation and computes the plasma temperature as a function of 
the propagation distance of the radiation into the vapor. The results, 

shown in Figure 6 ,  show, for example, that higher plasma temperatures 
are attainable by positioning the focal volume as close as possible to 

the front boundary of the vapor. 

All of the above plasma maintenance theoretical calculations are 
done with a computer program written on a time-shared PDP-10 computer. 
The flow chart and listing for the computer program are presented in 
Appendix B. 

16 



SECTION 3 

PLASMA MAINTENANCE - EXPERIMENTAL 

Two alternative radiation sources were used on this program. A 

1600-W xenon arc lamp adapted with a 10-in.-diameter elliptical reflector 

for simulating l O O O X  concentrated sunlight was purchased by HRL as 
originally planned; it is shown in Figure 7. In addition, a heliostat 
solar concentrator with a 15-in.-diameter Fresnel lens (shown in Figure 8 )  

that had been used with an eariier solar cell project within HRi was 

made available for use on this program. 

sunlight to be used as the radiation source when weather permitted. 
oven assembly containing the cesium absorption cell was made portable 

enough to use with either radiation source. 

This concentrator allowed real 
The 

The first design selected for the cesium absorption cell is shown 

in Figure 9. This cell was fabricated by ILC Corporation (Sunnyvale, 

California). It has two l-in.-diameter sapphire windows (brazed to the 
cell with an alkali-resistant braze and an internal depleted uranium 
getter. ILC vacuum baked the cell, loaded it with cesium, and sealed it. 
They specified the cell to be capable of operating to at least 650°C. 
This cell design ultimately had to be abandoned because of window fail- 
ures, but a series of experiments were carried out with the cell in the 
solar concentrator; these are described below. 

The experiments consisted of four basic steps. The first was to 
measure the spectral intensity of incident sunlight over the continuous 

range from 3500 to 10,000 1. 
of the incident sunlight in the vicinity of resonance lines at moderate 

oven temperature (Q150 to 250OC) with the incident sunlight stopped down 

to less than 1% of the full Q84 W illuminance possible. This was done to 

confirm that an equilibrium cesium vapor had been obtained in the cell. 
The third step was to measure the absorption spectra throughout the 

entire 3500 to 10,000 8, range at an oven temperature of 500 to 60OoC. 
Again, this was done with the incident sunlight stopped way down in 

The next step was to measure the absorption 

E 

19 



M12755 

Figure 7. Experimental set-up utilizing arc lamp solar simulator. 
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Figure 8. Experimental set-up utilizing solar concentrator heliostat. 
.li 
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Figure 9 .  Original ILC Corp. cesium absorption c e l l  design. 
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order  t o  determine t h e  reference absorption spectrum f o r  t h e  ce l l  a t  

t hese  temperatures without a plasma present. The f o u r t h  s t e p  w a s  t o  

measure t h e  absorpt ion s p e c t r a  a t  a n  oven temperature of 500 t o  600°C 

under f u l l  i l lumina t ion  of t h e  Q84 W concentrated s o l a r  r ad ia t ion .  The 

purpose was to a s c e r t a i n  whether a plasma w a s  present  by determining i f  

the previously a t t a i n e d  absorpt ion spectra  had changed. 

This f i r s t  series of measurements yielded t h e  following r e s u l t s :  

0 Step 1: 
normai (i.e., complete with the known atmospheric 
absorpt ion bands). 

The inc ident  s o l a r  spec t r a  w e r e  found t o  be 

0 Step 2: The absorpt ion s t r eng th  r e s u l t s  a t  t h e  8521-8, 
cesium resonance l i n e  are shown i n  Figure 10 f o r  two 
d i f f e r e n t  temperatures. Comparing these  absorpt ion 
s p e c t r a  with t h e  theo re t i ca l ly  computed s p e c t r a  indi-  
cates t h a t  an equi l ibr ium concentration of cesium vapor 
had been a t t a i n e d  a t  t h e  temperatures measured. 

0 Step 3: The absorpt ion spectrum a t  500 t o  6OOOC is  

Two of t h e  transmissign windows observed a t  
dominated as expected by the cesium dimer absorpt ion 
bands. 
500"C, one centered a t  %4500 A and t h e  o ther  a t  
5200 A, are shown i n  Figure 11 ( a  and b)  ( the  two 
s p e c t r a  have no t  been noramlized). A t  600"C, the only 
transmission measurable through t h e  ce l l  i s  i n  t h e  
5200-1 window. 

0 Step 4: When the  ce l l  w a s  exposed t o  t h e  f u l l  %84 W 
of concentrated sun l igh t ,  a pecul ia r  dynamics of 
absorpt ion w a s  observed, The t ransmi t ted  f l u x  through 
t h e  ce l l  i n  t h e  5200-A and 4500-1 windows w a s  observed 
t o  f i r s t  increase  and then decrease t o  a value below 
t h a t  of t h e  previous stopped down il luminance measure- 
ments i n  a few seconds (see Figure l l ( c  and d ) ) .  
cause of t h i s  w a s  not  d e f i n i t e l y  determined. Although 
i t  may i n d i c a t e  t h a t  a plasma h a s  been produced, w e  
f e e l  t h a t  i t  more l i k e l y  i s  associated with induced 
condensation of cesium on the windows. Window conden- 
s a t i o n  on a longer t i m e  s ca l e  w a s  constant ly  occurr ing 
during these  measurements, making i t  v i r t u a l l y  impossi- 
b l e  t o  obta in  reproducible r e su l t s .  

The 
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1 
8521 A (39 A/div) 

t 
8521 A (39 A/div) 

(a) 155'C (b) 240'C 

Figure 10. Cesium resonance line absorption. 
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+ 
4510 A (39 Udiv) 

t 
5000 A (39 Mdiv) 

500'C. STOPPED DOWN ILLUMINANCE 

t 
4510 A (39 Udiv) 

t 
5OW A (39 Udiv) 

50O0C, FULL ILLUMINANCE 
(C) (d) 

Figure 11. High-temperature cesium absorption spectra under partial 
illumination from the solar concentrator (a,b) and under full 
s377-W illumination from the concentrator (c,d) . 
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Window fogging continued t o  occur with the  above ce l l  design even 

when high-power window hea te r s  were used. 

t he  ce l l  cracked twice, as shown i n  Figure 12, causing a long delay 

during r epa i r  of t he  cell  a t  ILC Corporation. After the  second window 

f a i l u r e ,  we decided t o  convert  t he  absorp t ion  ce l l  design t o  t h a t  of a 

hea t  p ipe  oven. 

rium ovens, such as uniform temperature vapor zones, vapor p u r i f i c a t i o n ,  

and i s o l a t i o n  of t he  vapor from the  windows.7 The lat ter f e a t u r e  is  

e s p e c i a l l y  important f o r  our  app l i ca t ion ,  no t  only because i t  allows 

using ordinary g l a s s  windows and e l imina tes  the  window fogging problem, 

bu t  a l s o  because it allows s p a t i a l  separa t ion  of the  r a d i a t i o n  absorp- 

t i o n  zone from the region adjacent  t o  t h e  windows. I n  the  previous ce l l  

design, i t  is the  conduction of hea t  t o  t h e  en t rance  window from the  

absorbing vapor ad jacent  t o  i t  t h a t  is  suspected of causing the  window 

cracking tha t  has occurred wi th  these  designs.  (Absorption i n  the  

sapphire  window i t s e l f  should not have been enough t o  cause f a i l u r e .  ) 

Since t h e  vapor pressure  i n  a hea t  p ipe  oven is determined by the  pres- 

s u r e  of t he  i n e r t  gas i n  t h e  oven,7 the  ce l l  design included a va lve  t o  

permit changing the  vapor pressure  and moving the  ce l l  ou t s ide  when the  

s o l a r  concentrator  is  used. 

Also, t he  en t rance  window on 

Heat p ipe  ovens o f f e r  several advantages over equi l ib-  

2 

The f i r s t  hea t  p ipe  oven design is  shown i n  Figure 13, and a photo- 

graph of the f ab r i ca t ed  ce l l  i n s t a l l e d  on the  arc lamp o p t i c a l  bench i s  

shown i n  Figure 14. 

c a r r i e d  out  a t  an argon pressure  of 200 Torr and a c e n t r a l  oven tempera- 

t u r e  of 55OOC.  Absorption a t  8500 %, w a s  monitored during t h i s  run, and, 

although a q u a n t i t a t i v e  reduct ion of the  absorpt ion d a t a  w a s  not  car- 

r i e d  out ,  t h e  ind ica ted  length  of t he  cesium vapor zone appeared t o  be 

"J1 cm, as planned. 

ments wi th  t h i s  c e l l .  

The f i r s t  operat ion of t h i s  cel l  w a s  successfu l ly  

Once again,  window fogging precluded f u r t h e r  experi-  

W e  bel ieve t h a t  t he  window fogging w a s  probably caused by excess 

cesium lying adjacent  t o  t h e  windows and being heated by the  hot  argon 

gas c i r cu la t ing  i n t h e  end region. The c e l l  w a s  t he re fo re  redesigned t o  
. 
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Figure 12. Cracked entrance window of ILC absorption cel l .  
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NO. 7052 GLASS KoVA7 COOLING COILS, 

INCIDENT RADIATION 
FIELD 

10 GR CESIUM AMPULE 
FOR LOADING 

* 
TO VACUUM SYSTEM AND INERT GAS SUPPLY 

SCALE: 1 :1 

Figure 13. First heat pipe oven design f o r  so lar-susta ined plasma 
absorption c e l l .  

. 
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Figure 14. Photograph of f i r s t  heat pipe oven absorption c e l l .  
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put the iindows much farther from the heated zone. 

photogra:h of this new cell. 

loaded into this cell was insufficient to wet the wick completely, we 

are currently taking steps to load additional cesium onto the wick. 

Figure 15 shows a 

Since the amount of cesium originally 

30 
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Figure 15. Photograph of la tes t  h e a t  pipe oven absorption cel l .  
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SECTION 4 

SOLAR-PUMPED MHD LASER - THEORETICAL 

. 
The concept of a solar-pumped MHD laser was first disclosed at the 

1978 NASA Ames Conference on Radiation Energy Conversion and in the 
Hughes Research Laboratories technical proposal for this contract. It 
was pointed out then that a population inversion on the cesium dimer A-X 

laser transition will develop in a solar-sustained cesium plasma if the 
electron temperature can be made to exceed the gas temperature by at 

least the fractional red shift of the transition. 
such a decoupling of the electron and gas temperatures could be made to 

occur in a nozzle flow of the plasma across a magnetic field. Thus, a 
closed Rankine cycle solar-pumped laser was identified that is similar 
in concept to the MHD solar-electric converter with laser power replac- 
ing or supplementing electric power as the work output of the cycle. 
laser characteristics for this type of transition would include 

It was suggested that 

The 
9 

2 
0 High saturation power (s50 kW/cm ) 

e Large, high-power system capability (low gain, fewer 
parasitic problems) 

Broadband tunability (A1 Q, 1000 1). 0 

During this program, we quanitified these speculations with a math- 

ematical model and expanded the lasing transitions considered to include 
the CsXe A-X excimer band. The excimer laser transition will offer 

essentially the same advantages as listed above for the dimer transi- 
tion.' 

encouragement to the concept of a solar-pumped high-power MHD laser. 
A s  shown below, the results of the analysis give considerable 

The energy level diagrams showing the CsXe excimer and .Cs2 dimer 
laser transitions are shown in Figure 16. 
assumed to be populated in thermal equilibrium with respect to their 
parent atomic states at the gas temperature and the population of the 

atomic states to be in thermal equilibrium at the electron temperature, 
then the population ratio between the upper and lower molecular levels 

can be written as 

If the molecular states are 

4 

c 
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Figure 16. CsXe excimer and C s 2  dimer laser transitions. 
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where A(hv) is the red shift, hvo is the atomic transition energy, T 

the gas temperature, T is the electron temperature, and g and g are 

degeneracy factors. Therefore, an inversion will result under this two- 
temperature equilibrium condition if the ratio of gas to electron temper- 
ature is less th~; the fiactioiial red shift: 

is 
g 

e U L 

m 

L < a v  
Te vO 

From Figure 16, the fractional red shift is ~0.07 for transitions 
from the bottom of the excimer A state and ~ 0 . 2 5  for transitions from the 
bottom of the dimer A state. 
will occur on the excimer band for T IT 2 13 and on the dimer band for 
Te/T 2 3.9. 

Eq. 1 predicts that a population inversion 

e g  

The starting point for calculating the electron and gas temperature 
g 

in a plasma flow through a Faraday MHD channel (with short-circuited 

electrodes) is an electron energy balance equation derived by 
B. Zanderer et al. and utilized in their DARPA-sponsored program to 

generate 10-pm laser action in an MHD channel: 10 

where y is the ratio of specific heats; @ is the Hall parameter; M is the 

Mach number of the flow; and 6 is an inelastic collision energy loss fac- 
tor equal to the ratio of the inelastic electron collisional energy loss 

rate to the elastic collisional energy loss rate. If a Maxwell-Boltzrnan 
energy distribution is assumed for the electron and the excited state 
population of cesium, then 6 may be e!:pressed as: 9 
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where E is the energy of the first excited state of xenon, 

excitation cross section, and u is the electron elastic collision 

cross section. 

is its 1 Ol 
el 

If we add to Eqs. 3 and 4 the isentropic expansion equation for the 

gas temperature, 

then we may solve for the electron temperature and gas temperature as a 

function of the Mach number and the Hall parameter. We assumed B = 3, 

y cm2, dol/dE = 3 x cm2 eV-l, and To = 

3000°K. The collisional cros‘s sections u 
from Ref. 11. 

= 5/3, ael = 3 x 

and dul/dE IE1 were taken 
IE1 

el 

The results for the electron temperature and the ratio of the elec- 
tron to gas temperature are shown in Figure 17. 
results, a population inversion on the excimer and dimer transitions 
will occur for Mach numbers greater than 3 and 0.5 ,  respectively. 

According to these 

The small-signal gain coefficient itself can be computed from the 
12 quasi-static theory of line broadening: 

87r gain = 

where X and ‘I are, respectively, the 
of the transition; v is the frequency 

- - -  gA d[XI] &t 
dR dv ’ gX 

wavelength and radiative lifetime 
of the transition at the inter- 

nuclear separation R; [A] and [XI symbolize the concentrations of the 
A state and X state, respectively; and gA and % are their degeneracies. 
In the strongly inverted regime, this gain can be written 
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where K 
the A state atomic parent state, V'(X) is the potential energy of the A 

state at the internuclear separation corresponding to the transition 
wavelength X, and a(A) is the stimulated emission coefficient given by 

is the A state equilibrium constant, gf is the degeneracy of A 

At the temperatures and densities of interest here, the population 
of the CsXe A state is controlled by the heavy particle dissociation 
rate. In this case, the A state population will be in equilibrium with 
its parent atomic state, and Eq. 7 reduces to 

* 
where [Cs 1 represents the concentration of cesium atomsin the 6P reso- 
nance state. 

On the other hand, the Cs2 A state population will not be in 
thermal equilibrium with the parent atomic state at the temperatures 
and densities of interest. This is because its relatively large disso- 

ciation energy will cause the collisional dissociation rate of this 
state to be far below the radiative rate. With the radiative rate 
dominating the loss of the dimer A state, Eq. 7 for the gain coefficient 
becomes 

where I' is the three-body association rate coefficient for the formation 
of the A state. 
bands occurs at 0.96 Pm and 1.2 pm, respectively. The scaling arguments 
presented in Ref. 13 lead to r 1 x cm sec and KA = 8 x 

exp(-V /T ), where VA is the potential energy at the bottom of the dimer 

The maximum gain coefficient on the excimer and dimer 

6 -1 

A g  
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A state well. Using these numerical values in Eqs. 8 through 10, we find 

approximately that 

gainex(0.96 Vm) = 7.8 X exp(0.05/Tg) exp(-1.45/Te) [ C s ]  [Xe] (11) 

We have assumed that the population of the 6P resonance level at 1.45 eV 

is in equilibrium with the ground state at the electron temperature. 
temperatures are in eV, concentrations are in cm , and the gain coeffi- 
cients are in cm . 

All 
-3 

-1 

The stagnation cesium density for the plasma flow was chosen to be 
compatible with the efficient coupling of solar radiation to the plasma 
through dimensional scales on the order of several centimeters, while 
the xenon density was limited by the upper limit to practical magnetic 
field strength (%40 kG) to yield the assumed value of 3 for the Hall 

parameter. The chosen stagnation densities were: 

At an assumed temperature of 3000OK for the solar-heated plasma, these 
densities correspond to a stagnation pressure of %lo atm. 

The small-signal gain coefficients on the dimer and excimer bands 

were computed for these conditions as a function of Mach number using 

Eqs. 3 through 5 and Eqs. 11 and 12; the results are shown in Figure 18. 
The figure also shows the magnetic field required to maintain the 
assumed value of 3 for the Hall parameter. The magnetic field is given 
by : 

. where B is in kG. 
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Figure 18. Theoretical gain coefficients and required magnetic 
field strength for solar-sustained plasma flow across 
a magnetic field. 
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. 

The results shown i Figure 18 indicate that gain coefficients large 
enough to construct a laser are obtainable on both the dimer and eximer 

bands under quite practical regimes of flow parameters and magnetic field. 
-.’ 

As indicated in Figure 18, electron collisional de-excitation and 
dissociation may depress the dimer gain. 
modeling of previous static-discharge-pumped alkali systems. 

This was the case in the 
18,14 An 

accurate assessment of the influence of electron collisional deactivation 

of the dimer A state must await a more complete numerical model since it 
depends sensitively on dissociative recoxhination rates ar?d r d t i - s t e p  

ionization rates. Electron deactivation is not expected to affect the 
excimer gain because of the high heavy particle dissociation rate con- 
trolling the population of the excimer A state. 

An important and fortuitous circumstance also occurs for the set of 
flow parameters chosen. The three-body association rate coefficient for 
the formation of A-state CsXe excimers and Cs dimers cm6 sec-l) 
is known to be roughly an order of magnitude larger than the correspond- 
ing rate coefficient for the ground-state Cs dimers cm sec ). 

For a Mach 4 flow speed at the assumed stagnation densities, the recom- 

bination times for the Cs-Xe A state, the Cs 
state will be sec, sec, and sec, respectively. These 
correspond to distances in the flow of $0.3 cm, $3 cm, and $30 cm, 

respectively. Thus, a zone in the flow direction of about several centi- 

meters in length will exist in the flow where equilibrium populations 
have been established on the upper laser levels (as assumed in the above 

model) but where the population of the ground-state dimers is still 
frozen at the much lower value determined by the stagnation temperature 
and the expansion. The absorption cross section at the 0.96-pm excimer 

band due to ground-state dimers is s 4  x cm . Normally this dimer 
absorption would prohibit a net excimer gain from being realized above a 

cesium monomer density of 
density was at the root of failures in past programs to achieve alkali- 

rare gas excimer laser action utilizing static discharges. 19,15 In our 

case, the absorption due to dimers is less than 1/10 of the excimer 

2 

6 -1 13 
2 

A state, and the Cs2 X 2 

2 

~ m - ~ .  This upper limit on the alkali 

17 -3 gain with cesium monomer concentration at $3 x 10 cm . This justi- 
fies using Eq. 11 for the excimer gain. 
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SECTION 5 

FUTURE WORK 

During the next 12-month period on this program, first priority 
will be given to the experimental demonstration of ignition and the main- 

tenance of a cesium plasma by concentrated sunlight. 
heat pipe oven absorption cell will be used for this purpose. 

The newly designed 
The radi- 

ation source utilized will include both the arc lamp solar simulator and 
the 15-in.-diameter Fresnel lens solar concentrator. Once ignition and 
maintenance of the plasma have been demonstrated visually and photo- 

graphically, emission and absorption spectral measurements will be made 
on the plasma and compared with the newly upgraded theoretical model to 
help provide a complete physical characterization of the plasma. Fur- 
ther experimentation with the plasma during this period will be devoted 

to scaling studies of the plasma under a factor of two increase in the 
input solar flux using a larger Fresnel lens. 

A large portion of the theoretical effort during the next year will 

be applied to the construction of a complete numerical model of the MHD 

nozzle flow of a solar-sustained cesium-xenon plasma for the purpose of 
predicting the efficiencies of conversion of plasma enthalpy to laser 

power and electric power, and of predicting associated optimization 
conditions. 
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APPENDIX A 

Hadialively Sustained Cesium Plasmas for Solar Electric Conversion 

A. Jay Palmer 

Reprinted from ZlrdirtiOS J h u g y  CoavCniOm ia Spree, edited by Kenneth 
W. Billman, Vol. 61 of P r o g m s  in Astronautics and Aeronautics. 
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MDIATIVELY SUSTAINED CESIUM PLASlvIS FOR SOLAR 
ELECl'RIC CONVERSION 

A. Jay Palmer* 

Uughes Research Laboratories,  Wl ibu .  Ca l i f .  

ABSTRACT 

Ue diaeuss a new concept f o r  molar electric conversion based on the  
maintenance of an o p t i c a l  d l c h a r g e  i n  cesium vapor by concentrated solar 
radiat ion.  
t r ans i t i ons  and d i a r  transitlow .nd electric p w e r  is coupled out  of t he  
plasma via MID. The rerultm o f  a c o g u t e r  m d e l  of t he  r ad ia t ive ly  u i n t r i n e d  
discharge predict  t h a t  an o p t i c a l  discharge c m  be u i n t a i n e d  a t  a plasma 
temperature of 3000 to 3500.C by mlar r ad ia t ion  concentrated by a f a c t o r  of 
a few thorumd incident  on cesium vapor at a vapor presmure of %ne atmaphere.  
The conductivity of t h e  p l u m  ir *lo3 mho/= which is emparable  t o  t h e , p l m m  
conductivity i n  existias MID generators. 

The ' radiation i m  absorbed on exci ted state photoionization 

INTRDDUCTION 

In the h u t  engine approach t o  ao la r - e l ec t r i c  conversion, it i o  advan- 

I f  t h i s  tempera- 
tageous f o r  achieving highest  eff ic iency to deposit the  r ad ia t ion  d i r e c t l y  
i n t o  t h e  working f l u i d  a t  the  maximum possible  t e q r a t u r e .  
t u re  is to  approach a n y h e r e  near  t he  upper lidt of the  mun'r te.lperature. 
than the working f l u i d  w i l l  necessar i ly  be a p l u u  and electric p w e r  must 
be forpled d i r ec t ly  out  of  the p k s ~  d i r e c t l y  u t i l i z ing .  f o r  e x a q l e ,  BHD. 
It is o f  interest therefore  to iden t i fy  a p l u m  in the temperature range of 
3000 to  6000.K which cm prement a broadbsnd abmorption cross sec t ion  through- 
out t h e  molar 8pectrumwhich is l a rge  enough to permit the me of moderate 
d e n s i t i e s  and dimnmional scales fo r  e f f i c i e n t  coupling of the r ad ia t ion  to 
the p l u m .  

Broadband absorption of v i a i b l e  r ad ia t ion  in plasmam cm occur from 
p r i m r i l y  tvo causes: Inverse-breutrahlung (free-free e l ec t ron  t r ans i t i ons )  
and photoionization ( b o d - f r e e  electron tranmitions). 
thermal i o a i z a t i m  described by Saha's equation, then the  absorption cross  
mection (per grocmd s t a t e )  due t o  free-free transitiow in a hydrogen-like 
p l a s m  is ( k f .  1) 

I f  one'assmes 

where VI, T and hv are t h e  ioclization potent ia l .  the p l u m  te.perature and 
photon elreray rerpeetively.  A t  a t a q e r a t u r e  near 5WO.K one sees that even 
w i t h  a l ov  ionizat ioa potential species,  the crosm sec t ion  is q u i t e  small  
SO t h a t  very htgh denmities with u s o c l a t e d  fo r r idab le  p l a s u  pressures w i l l  
be required t o  y i e ld  a p r a c t i c a l  value f o r  t h e  free-free ab80rption coeff i -  
c i e n t  In the solar spectrum (hV-1-3 eV).  

*rMer of Technical Staff .  
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On the other  hand t h e  absorption cross sec t ion  due t o  bound-free t ransi-  
t i on  can be much l a rge r  i n  the  v i s i b l e  than the free-free cross sect ion.  
C d i n i n g  K r a m e r ' s  formula f o r  the hydrogenic bound-free cross  sect ion per  
exci ted state with an assumed Bolttnann d i s t r ibu t ion  fo r  the exci ted state 
population gives t h e  cross sect ion per grouud a t a t e  as, (Ref. 1 )  

where n*(i) ,  L(i)  and E(i)  a r e  the effect ive p r inc ip l e  quantum number, the 
t o t a l  angular momentum quantum numberi and the binding energy respect ively of 
the ith exci ted state. 

For the  temperatures of i n t e r e s t  (3000 to 5000.K) cesium w i l l  exh ib i t  the 
l a rges t  average bound-free cross section throughout the s o l a r  spectrrrm. 
addition cesium has other  important continuum absorption bands i n  the red por- 
t i on  of t he  s o l a r  spectrum due t o  
t i on  bands extend from about 6000 f t o  1 micron vhich. conveniently, is where 
t h e  bound-free cross  sect ion is fa l l i ng  off .  
s ec t ion  may be canputed from t h e  quasi  static theory of l i n e  broadening 
(Ref. 2). 
fo r  t h e  t r ans i t i on  and p a r t i t i o n s  the mlecular states i n t o  a set of substates  
characterized by t h e i r  internuclear  separation and populated r e l a t ive  t o  
t h e i r  dissociat ion products according t o  a classical canonical ensemble. Thus 
the  concentration of dimers i n  the  gromd e l ec t ron ic  state v i t h  an internuclear  
separation between R and R + dR is written as (Ref. 3) 

In 

round state cesium dimers. These absorp- 

The dlpCr absorption cross  

This technique requires knowledge of  t h e  po ten t i a l  energy curves 

( 3) 
2 2 

d[X] - 4nR dR(G/g, f)exP(-WX (R)/kT)[CSI * 

Here [ I  i nd ica t e s  species  concentration, & and gf are t h e  degeneracies of 
t he  mlecular X state and its parent  atomic state respectively.  =(a) is the  
energy of the molecular subs t a t e  re la t ive t o  that of its parent atomic state. 
k i n  Boltzmacm's co-tmt. urd T is the gas temperature. 

s 

The absorption coeff ic ient  due t o  a ground state dimer t r ans i t i on  can, 
therefore,  be wr i t t en  immediately as (Refs. 2 and 3) 

where A is t h e  Einstein coe f f i c i en t  for t he  t r a n s i t i o n  (usumed independent 
of a). and A and v are t h e  wavelength md frequency of t h e  radiation. 

The absorption cross sect ion f o r  the cesium dimer X*Atransition and a 
hypothetical  Xc*Btransition vere computed i g  t h i s  vay. The dimer po ten t i a l  
energy curves were approximated as Morse potent ia ls .  The A and X s t a t e  were 
specif ied with dissociat ion energlea taken from Hertzberg (Ref. 4) and in t e r -  
nuclear separat ions at the  po ten t i a l  minima chosen to  b e s t  match t h e  spectra  
observed i n  reference (5). The hypothetical B state vas a shallow Morse 
po ten t i a l  with an internuclear  separation a t  po ten t i a l  minimum set equal t o  
that  of the ground state and a wel l  depth chosen t o  reproduce an absorption 
band whose width corresponds approximately v i t h  t h e  ove ra l l  vidth of t he  set 
of overlapping X-B. X-C, X-D. etc. dporpt ion bands observed i n  Ca i n  the 
spec t r a l  range betveen roughly 7500 A to 6000 1 (Ref. 6). (The broadband 
nature of t h e  incident radiat ion and the a s s q t i o n  of LTE combine t o  pake 
the results of the forthcoming energy balance calculat ion r e l a t ive ly  insensi-  
t i v e  t o  t h e  exact ahape of t h e  X-B absorption band.) 
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Fig. 1 Solar spectrum and cesium absorpt ion spectrum. 

The net absorption coef f ic ien t  due t o  both t h e  bound-free t r ans i t i ons  
and the d i r r  t r ans i t i on  i n  an LTE ces iu  plasms a t  a c o q u t e d  t e lpc r s tu re  of  
4000.K and s pressure of -2 a tm.  Is s h a m  i n  lipure 1. from Eqs. (2) and (4) 
where it  i r  compared with t h e  s o l a r  spectrum. Both t h e  spec t r a l  p ro f i l e  and 
the magnitude o f  t h e  cross see t i an  are seen t o  be w e l l  su i t ed  f o r  t he  use of 
cesium at moderate d e o s i t i e s  as an e f f i c i e n t  s o l a r  rad ia t ion  receiver .  These 
fea tures  together with its r e l a t ive ly  high vapor pressure at p rac t i ca l  opera- 
t i n g  t e g e r s t u r e s ,  its high e l e c t r i c a l  conduct ivi ty  and i t a  a v a i l a b i l i t y  seem 
t o  miquely iden t i fy  cesium u an optimal working f l u i d  fo r  an advanced. high 
t e q e r a t u r e  so la r -e lec t r ic  hea t  engine. 

4, -. 
TEEORETICAL II)DEL FOR A SOLAR SUSTAINED CESIUM PLASM 

I n  th i s  sec t ion  we f i r s t  present  m a p p r o x i u t c  wdel which can be used 
t o  pred ic t  the ~ X B ~ U  p l u m  t a p e r a t u r e  that a given s o l a r  f l ux  c m  sus t a in  
aga ins t  radiat ive losses alone in an usumed homogeneous static p l u u .  
d e l  serves t o  i l l u s t r a t e  t h e  l i d t s t i a n s  t o  achieving h i g e r  t a p e r a t u r e s  
which are iqoscd by r a d i a t i m  losses  alone. 
rodel t o  include gas flow u would occur, for  example. i n  t he  working f l u i d  
of  a sokr e l e c t r i c  heat  engine. 

The b u i c  a s s u q t i o n s  of  the model are t ha t  10-1 thermodyuuic equi l ib-  
rium obtains and that t h e  e lec t ron  and heavy p a r t i c l e  te lpera ture  are equal. 
A t  t h e  cesium vapor dens i t i e s  of i n t e r e s t  
co l l i s iona l  energy t r a n s f e r  rates w i l l  dor inate  over r a d i a t i v e  and other  con- 
vec t ive  energy tr-fer r a t e r  d i n g  these u s u q t i o n s  va l id .  

This 

Sdsequant ly  we expand t h e  

c i 3 )  electron-heavy p a r t i c l e  

STATIC CASE 

I n  the s t a t i c  p l u u  d e l  the  p l a s u  t a p e r a t u r e  was u s u r d  independent 
of posi t ion i n  t he  p l u m s  and v u  c o q u t e d  by r r e l y  balancing t h e  m r w  
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b 

absorbed on the  tvo dimer t r ans i t i ons  and photoionization t r ans i t i ons  from 
the f i r s t  e ight  excited s t a t e s  of cesium against  energy l o s t  LO r ad ia t ive  
recombination i n t o  these same s t a t e s  and the  dimer spontaneous emission rates .  
The rad ia t ive  rates vere calculated on the  bas i s  of de t a i l ed  balancing applied 
t o  the absorption cross  sections.  
eighth exci ted s t a t e  of cesium were ver i f ied t o  contr ibute  negl igibly to  the  
ove ra l l  energy balance i n  the p l a sm.  

Rates i n t o  and out of states higher than the 

The energy balance calculat ions vere ca r r i ed  out with the  a i d  of a com- 
puter program. 
as a p l o t  of the required s o l a r  f l ux  in  Wat t s / cd  fo r  Paintaining a cesium 
plasma aga ins t  r ad ia t ive  losses  versus the a t t a inab le  p l a s m  t e q e r a t u r e .  
The s o l a r  s p e c t r u  was taken se t he  spec:=.= cf a black body a t  a temperature 
of 5800OK. The concentration ratio required t o  achieve these f luxes fo r  a 
1 kW/m2 s o l a r  f lux assured incident  at  the ea r th  is shown on t h e  right-hand 
ordinate. The maintenance f l u x  f o r  a perfect black body is s h a m  f o r  com- 
parison. 
achieve plasma temperature of S3500.K. For t h i s  r e su l t  t o  be va l id  f o r  the 
static plasma i t  is necessary that  the energy l o s s  t o  thermal conduction be 
s m a l l  c o q a r e d  with r ad ia t ive  losses and t h a t  the s p a t i a l  extent  of the plasma 
along the radiat ion propagation direct ion be small cowared with the  sPallest 
penetration depth of t h e  s o l a r  spectrum i n  the plasma. These conditions vi11 
be approximately s a t i s f i e d  f o r  a 1 cm d iaPter  spherical  cesium plasma a t  the 
assumed density for  the t e q e r a t u r e  rane  bctveen Q2500 t o  6000OK. 

The results of the coquter calculat ions are shom i n  Figure 2 

One sees t h a t  with the use of 103 power concentrations,  one can 

I I I 1 I I 110' 

I 

SOLAR SUSTAINED 
CESIUM PLASMA 

/ / I  
10 I I I ' I  I I I lo2 

0 l o 0 O 2 a v J t Q o o 1 o o o 6 o o Q o ( w ) 7 o o o  
PLASMA TEMPERATURE 

Fig. 2 
losses  only. 

Solar f l ux  required f o r  sustaining a cesium plasma against  r ad ia t ion  
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It is possible t o  understand the  general form of the  result presented i n  
Figure 2 on t h e  bas i s  of  a simple phyoical a r g u r n t  based on the  p r inc ip l e  of 
de t a i l ed  balancing. The a r g u a n t  w s  as follows. 

Consider a system which is absorbing and e d t t i n g  r ad ia t ion  on one t r ans i -  
t i on  only. 
t ion reads: 

I f  tha system is in mteady state, then the  energy b d m c e  condi- 

P(v)*a.(nQ-nu) - n U * k  (hv) (5) 

where nu and na are t h e  popu la t im  d e n s i t i e s  of t he  upper m d  lover  level f o r  
the t r m s i t i o n ,  u is the absorption cross  sec t ion  f o r  t he  t r ans i t i on .  A is 
the  spontaneous r ad ia t ive  rate and P(v) is t h e  input r ad ia t ive  power f l u x  t o  
the  system at  t h e  t r ans i t i on  wavelength. 
in t h e r m 1  equilibrium at a temperature T, then from de ta i l ed  balancing P(u) 
is t h e  Plank spectrum: 

N w ,  i f  t he  level populations are 

Alternatively,  i f  black-body radiat ion from a rad ia to r  of t e q e r a t u r e  TR is 
t o  sus t a in  the  system a t  a temperature T. then t h e  elrargy balance condition 
reads 

where C is a f ac to r  which is equal t o  one at t h e  murface of t h e  radiator .  
Obviously C - 1 for  T - Tu. If TI T, then 

From t h e  form of t h e  black-body spectrum (Kq. 6) C <1 for T <Tg and C >1 
(opt ical ly  impossible) f o r  T > T p  

The above a r g u a n t  continues to hold (term by t e r r ) ' f o r  a system absorb- 
ing black-body r ad ia t ion  on =re than one tranmition and, in par t i cu la r ,  on 
the continuum bomd-free and dimer t r ans i t i ons .  The e s s e n t i a l  condition f o r  
the val idi ty  o f  t h e  argurnt is t h a t  t h e  system elrargy balance be dominated 
by radiation. t ha t  t h e  input  radiat ion be i n  a black-body spectnm, and that 
the  system be i n  thermal equilibrium at m o r  temperature. T <Tu. 

In the c u e  of rvcral transitions or continuum t r a n s i t i o n s  the  value 
fo r  C w i l l  be d e t e r d n e d  from a spectrum in t eg ra t ion  of Bq. (6 )  and this Is 
what i a  &ne in the  computer program t o  obtain the s o l i d  curve in Figure 2. 
For an estimate one can character ize  the  system w i t h  . o r  average wavelength 
in t h e  absorption spectrum vcigbted by the input r ad ia t ion  spectrum. I n  our  
case t h i s  wauclenpth is MU 5000 1. I n  t h i .  cue  

and t h i s  is the general  form of the s o l i d  curve given in Figure 2. 

"he aame arguments can be applied t o  l i n e  transit iozu, in t h e  p l a sw.  
But, since in t he  bulk of a plasma which has been M& t o  have an o p t i c a l  
thickness of 'U f o r  t h e  bound-free t ransi t ions.  t h e  l i n e  t r a n s i t i o n s  con- 
t r i b u t e  negligibly t o  t h e  energy f l u x  and they can be  neglected al together .  
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CONVECTIVE CASE 

c 

. 

. 

The static case analysis above s e m a  t o  i den t i fy  t h e  mini- input 

Such a stat ic  r ad ia t ive ly  maintained plasma vi11 not obtain i n  
power required t o  m i n t a i n  t h e  plasma at a given t e lpe ra tu re  againat r ad ia t ive  
lo s ses  only. 
p rac t i ce  especial ly  i f  t he  p lum8 is to  ~ a u r  the r o l e  of a heat engine 
working f l u i d  where t h e  p l u u l  m u s t  necessarily d i s s ipa t e  a s ign i f i can t  frac- 
t i m  of its thermal energy no0 r ad ia t ive ly  i n  pe r fo r r ing  writ. 
a t  3000.K t he  only mechanism f o r  coupling e l e c t r i c  power out  of t he  p l a s m  a t  
a rate which can compete with the  r ad ia t ive  energy loss rate of  the plasma 
appears t o  be WD. 

In  particular. 

We therefore  adopt a one-dipn8ion.l convection -del of a r ad ia t ive ly  
sustained plasma s imi l a r  t o  t h a t  tmed by Boirer (Ref. 7) f o r  l u e r  sustained 
plasmas w h e r e  t he  plaama t e lpe ra tu re  is a l l w e d  t o  depend on p a i t i o n  along 
the  propagation d i r ec t ion  and t he  8.8 f lov  is assuPcd t o  occur a t  constant 
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pressure. The energy balance condition then reads 

d 
312 No U C P dz * W(z) - R(z) + (K 2) 

h e r e  No and U are the  gru densi ty  and flow veloci ty  a t  t h e  point vhere the  
gas en te r s  t h e  in t e rac t ion  zone, (.+ is t h e  s p e c i f i c  heat, K is t h e  t h e r r a l  
conductivity, W ( t )  and R(z) are the  r ad ia t ive  energy deposit ion and r ad ia t ive  
loss respectively per un i t  volume, T is t h e  ws tenperature,  and E is the 
dis tance along the  propagation d i r ec t ion  of t h e  incident  radiat ion.  

We may once again neglect the energy 1068 due to thermal conduction. 
This is because. under t h e  conditions we consider,  t he  r ad ia t ion  penetrat ion 
depths and convective energy t r ans fe r  rates c o d i n e  to y i e ld  r e l a t ive ly  
gradual teaperature gradients.  
plasma d e l e d  by Raizer (Ref. 7) vhere thermal conduction is i n  f a c t  respon- 
s i b l e  f o r  aaintaining the discharge. 
ac t ion  zone is transparent t o  t h e  laser rad ia t ion  and rust be heated by 
thermal conduction from a pre-exis t ing hot  region of t he  f l w  i n  order t h a t  
the plasma be self-sustaining. 
absorbing plasma be "ignited" by some meam such as a spark or pulsed kser 
produced discharge. 

This is i n  contrast  to  t h e  laser sustained 

There t h e  cold gas en te r ing  t h e  in t e r -  

Such a w d e  obviously requires  t h a t  an 

I n  contrast. t h e  solar sustained cesium p l a s m  should be s e l f  s t a r t i n g .  
This is because the "cold" cesium vapor is not t o t a l l y  transparent t o  the  
SUI'S spectrum. 
s t rong  d i r r  absorption v i l l  br ing the  gaa up t o  a t e lpa ra tu re  high enouC 
t o  populate t h e  exci ted states and i n i t i a t e  energy deposit ion i n t o  the photo- 
ionizat ion t ransi t ione.  
v i l l  reduce t h e  concentration of t h e  dimers. dropping t h e  dimer absorption 
coeff ic ient  t o  a value comparable t o  that of  t he  bound-free t r ans i t i ons .  
ground s t a t e  photoionization absorption vil l  a l s o  a id  i n  t h i s  process but  
because of t h e  n a r r w  W vavelength range i n  which i t  occurs i t  is not  
nearly as important t o  the ove ra l l  energy balance as the dimer absorption 
vhich occurs i n  a broad wavelength r a g e  vMch vould o thenr i se  be r e l a t i - l y  
transparent (See Figure 1). 

As t h e  mexci ted vapor en te r s  t he  aolar r ad ia t ion  zone, 

As t h i s  te-erature is reached thermal dissociat ion 

The 

With the neglect of thermal conduction. Eq. (10) vaa integrated numeri- 
c a l l y  along the d i r ec t ion  of the incident  s o l a r  radiat ion.  z. 
of these computations are shown i n  Figures 3 and 4 , a e s d n g  a solar concen- 
t r a t i o n  r a t i o  of 3000. 

The r e s u l t s  

Figure 3 shows tk te-rature. the f r ac t ion  of incident  r ad ia t ion  pover 
remaining i n  the beam ( t r m c l d t t e d  power) and the f r a c t i o n  of incident  radia- 
t i on  power contained i n  the p l a s m  enthalpy f lov  (coupling eff ic iency)  a11 UI 
a func t im  of z f o r  chosen values f o r  the input flow ve loc i ty  and adient  
c e s i u r  vapor presaure. 

The coupling eff ic iency is equal t o  one d n u s  t h e  f r ac t iona l  pa re r  trans- 
mitted d n u s  t h e  f r ac t iona l  p m r  radiated.  It is aeen to maximize at the  
same darnstream l o c a t i m  aa does t he  temperature. 
t i on  th i s  locat ion vould then be the optimal point  a t  vhich t o  extract the 
cesium PlSSma working f lu id  from the rad ia t ion  in t e rac t ion  zone. This 
fnteract ioa length scales proportionally v i t h  tho f l o v  speed and vi11 scale 
somwhat faster than inversely v i t h  the  densi ty  because of  the influence of 
the dimer. 
eff ic iency and peak plasma tenperature: h i g e r  f lov  v e l o c i t i e s  y i e ld  higher 
coupling e f f i c i enc ie s  but lover peak te lperaturee as one vould expect. 
i n  a heat engine appl icat ion the working cycle  eff ic iency vi11 generally 
increase v i t h  t h e  input t e q e r a t u r e  of the vorking f l u i d  the requirelent  fo r  
paximum overal l  eff ic iency v i l l  d e t e a i n e  an o p t i u r l  flow speed through the  
radiation in t e rac t ion  zone. 

I n  a hea t  engine applica- 

Them is c lea r ly  8 -11 defined tradeoff betveen peak coupling 

Since 
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Figures 4a and 4b show how the incident  ao la r  spectrum has been modified 
by the  plasma absorption a t  t h e  max imum temperature points  in Figures 3a and 
3b. One can see the dominant influence of t he  photoionization t r a n s i t i o n  on 
the  short  wavelength s i d e  and of the d i ae r  t r ans i t i ons .on  the  long wavelength 
s ide  of the spectrum. 

APPLICATION TO SOLAR DRIVW HID POWER GENERATION 

WSD appears t o  be the  only working cycle vhich can e f f i c i e n t l y  exp lo i t  
the high temperatures generated in a solar sustained cesium plasma f o r  the 
purposes of so l a r - e l ec t r i c  conversion. 
s o l a r  sustained cesium plasma WD working cycle has  not ye t  been ca r r i ed  out.  
We = r e l y  wish t o  point  ou t  in t h i s  sect ion tha t  t he  plasma parameters of a 
s o l a r  sustained cesium p l a s m  are not incompatible with those of demonstrated 
HHD working f l u i d s  and t h a t  s o l a r  electric conversion e f f i c i enc ie s  approaching 
50% are therefore possible in pr inc ip l e  with such a working cycle. 

A de ta i l ed  ana lys i s  of a combined 

The pDst important plasma pa ra re t e r  f o r  an WD working f l u i d  i a  its con- 
ductivity.  From the l i t e r a t u r e  on BEID pacer conversion (Ref. 8) one ascer- 
tains that  t he  electrical conductivity of  a one atmosphere pressure cesium 
plasma in t he  temperature range from *1500* to  3000' is c o q a r a b l e  to  o r  
higher than the conductivity of a 1% potassium seeded argon plasma. 
t i v i t y  values of %lo3 mho/mter w i l l  a t t a i n  in a one atmosphere cesium plasma 
a t  *U)OO*K. 
t h i s  order w i l l  require  HID duct lengths  on t h e  order  of  a aeter (Ref. 9) for  
optimal extract ion of the plasma enthalpy. 

Conduc- 

A t  a magnetic f i e l d  of %lo kilogauss. plasma conduct ivi t ies  of 

The other  i q o r t a n t  parameter f o r  an WD plasma is t he  H a l l  paramcter 
(electron-cyclotron frequency tines mean-free tim). 
a one atmsphere pressure solar-sustained cesium plasma at t e g e r a t u r e s  of 
%3000*K has a value which is much greater  t h m  one f o r  a %lo kilogauss f i e ld .  
This condition permits the use of a Hall generator configuration wherein the 
induced current in t h e  generator is in t he  d i r ec t ion  of t he  plasma f l a r .  An 
example of t h i s  type of MHD generator configuration is the  disk generator 
design which does no t  require  t h e  use of s e p n t e d  electrodes and has recent ly  
demonstrated a 15% enthalpy extract ion e f f i c i ency  (Ref. 10). 

The H a l l  parameter fo r  

Whether or not a s o l a r  heated cesium WD generator can approach the 50% 
overa l l  conversion eff ic iency which r e s u l t s  from t h e  combination of a 40% 
e f f i c i e n t  b o t t d n g  cycle v i t h  a 15% e f f i c i e n t  WD converter hinges on many 
addi t ional  engineering f ac to r s  such as the  e f f e c t i v e  coupling eff ic iency of 
s o l a r  radiat ion t o  the  cesium plasma which ul t imately m u s t  take i n t o  account 
s p e c i f i c  geometrical cons t r a in t s  which impact t he  r ad ia t ion  in t e rac t ion  region, 
and i n  how w e l l  one can u t i l i z e  the  transmitted and re-radiated l i g h t  in pro- 
viding the hea t  of evaporation of t he  cesium, and t h e  r e tu rn  of l i qu id  cesium 
from the condenser t o  the  evaporator in .  f o r  e u q l e ,  a Bankine super heat 
MID working cycle. 
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